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1 Supplementary Formulas

The following formulas represent the discrete-time versions of the continuous-time formulas presented in
the main manuscript. The formulas for average controllability and control energies are valid for both

discrete- and continuous-time systems.
Natural dynamics
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2 Supplementary Methods

2.1 Derivation of modal controllability for continuous-time systems
Consider a discrete-time linear time invariant state space system

z(t+1)= A'z(t). (7)
Modal controllability is defined as
N
¢ = (1= AN(A")v;, (8)
j=1

where \;(A’) and v’ are the j-th eigenvalue and eigenvector of A’ [1].

Consider a continuous-time linear time invariant state space system
x = Azx. 9)

To turn this continuous-time system into a discrete-time system, a ubiquitous method is the zero-order
hold given by
x(t+1) = A8 (1). (10)

Here, the discrete-time system evolves as a sampled version of the continuous-time system with a sam-
pling interval of At. We call \; and v; the eigenvalues and eigenvectors of A.

If we compute the discrete-time modal controllability of the zero-order hold system, we obtain

N N

b = Z(l _ (eAj(A)At)2)Ui2j _ Z(l _ 62Aj(A)At)Ui2j_ (11)

j=1 j=1

Here, we require a selection of the sampling rate, At. Due to the normalization of our continuous-
time systems, the most quickly decaying mode (and thereby most negative eigenvalue) is bounded by
0 > Ay > —1. Let us consider the worst case scenario where the most quickly decaying mode has
exponent -1. Then two-sided Fourier transform of an exponential function et is given by

2

f[e_t]:F(f):W,

(12)
where f is the signal frequency in Hz. The exponential decay has a maximum signal amplitude at f = 0,
and loses 95% signal amplitude at f ~ 0.7Hz. Hence, we use At = 0.5 for a sampling rate of 2Hz to
ensure that we capture the majority of the signal amplitudes at Nyquist. This leads to the final form

N

¢ = (1—ed(A)}. (13)

Jj=1



2.2 Relation of average controllability and average input energy

Previous work [2] has interpreted Trace(W,, ) as proxy for the average input energy to avoid numerical
difficulties when controlling only a few nodes in very large systems. Average input energy measures the
energy required to drive the system from xg via a specified set of control nodes to all possible target
states 7 with unit norm [3, 4]. Following the discussion in the main text, this metric equals Trace(W_. })
where the inverse of the controllability Gramian is a map from target states to control energy. Other work
describes mathematical bounds on the relationship between Trace(W, ) and Trace(W_ 1) [1]. Please
note that the goodness of the bound depends on the distribution of eigenvalues of the 7controllability
Gramian. Particularly when controlling only a subset of brain regions, the eigenvalues of the controlla-
bility Gramian span many orders of magnitudes so that Trace(W, r) and Trace(W,_ . 1) diverge [5].

2.3 Acquisition of diffusion imaging data

High resolution anatomical brain images were collected from 10 healthy young adults (23.9 + 3.6 years;
20-31 years; 70% female). The participants underwent a 53:24 minute diffusion spectrum imaging (DST)
scan with 730 diffusion directions (maximum b-value = 5010s/mm?, 21 b = 0 images, TR = 4300ms,
TE = 102ms, matrix size = 144x144, field of view = 260 x 260mm?, slice number = 87, resolution =
1.8x1.8x1.8mm?, multi-band acceleration factor = 3). Additionally, T1-weighted images were obtained
using an MPRAGE sequence (TR = 2500ms, TE = 2.18ms, flip angle = 7 degrees, slice number = 208,
slice thickness = 0.9mm). Both scans were acquired on a Siemens Magnetom Prisma 3 Tesla scanner with
a 64-channel head coil. The study was approved by the Institutional Review Board of the University of
Pennsylvania and all participants provided informed consent in writing.

2.4 Preprocessing of diffusion imaging data

As previously described in more detail [6], the individual DSI scans were skull-stripped, realigned, and
motion-corrected using an improved average b=0 reference image. The preprocessing was implemented
in nipype [7] using the Advanced Normalization Tools (ANTSs, [8]) for image registration. We quanti-
fied the diffusion at different orientations in each voxel using the generalized g-sampling reconstruction
method [9] in DSI Studio (dsi-studio.labsolver.org). Based on the derived quantitative anisotropy values,
we performed deterministic tractography across the whole-brain [10]. For each participant, we generated
1,000,000 streamlines with a maximum length of 500mm [11] and a maximum turning angle of 35 degrees
[12].

2.5 Examining metrics on an individual and regional level

Since network control theory can be utilized to examine controllability differences in both individuals and
brain regions, we separately studied the metrics on an individual and regional level. For this purpose, we
summarized average controllability, modal controllability, and minimum control energy across either brain
regions or individuals to subsequently investigate individual and regional values, respectively (Fig.1F).
To estimate the consistency of a metric across parameter choices on an individual (regional) level, we
first summarized the metric across brain regions (individuals) and then computed the Pearson correlation
between the individual (regional) values obtained with one modeling choice and the individual (regional)
values obtained with the second modeling choice; for example, we compare discrete- and continuous-
time systems, and we compare two different parameter choices of time horizon T'. When evaluating the
statistical significance of effects on both levels, please note that individual analyses are based on a limited
sample size of 10 participants whereas regional analyses can capitalize on a larger sample size of 233 brain
regions.



2.6 Selection of parameter ranges

We examined the impact of four modelling choices on average and modal controllability, and on minimum
and optimal control energy. In each examination of the impact of one specific modeling choice, we sys-
tematically varied the modeling choice of interest while keeping all other parameters constant. Here, we
wish to provide a detailed explanation of how the variable parameter ranges were selected. We followed
the general approach that we attempted to include all possible parameter options such as in the exami-
nation of time-system or control set size. In cases where this was not possible, we explored the behavior
of the metric starting from the modeling choice most commonly used in the literature. Based on the
convergence behavior of the metric, we determined the exact parameter ranges. In doing so, we wished to
provide comprehensive insights into the impact of the modeling choices on controllability metrics. Please
note that the value at which the metrics start to converge does not automatically generalize to other
applications of network control theory but instead depends on all aspects of the simulation including
the type of neural system modelled and software used. In the following, we explain the selection of the
parameter range for each examined modeling choice separately to ensure that other investigators can
determine appropriate parameters ranges to investigate in their system.

Regarding the impact of time-system, we capitalized on both available options, i.e. discrete- and
continuous-time systems. When examining the influence of time horizon, we started with 7" = 1 which is
the smallest possible option in discrete-time systems. The endpoint of the parameter range was selected
in an exploratory way so that the metrics appeared to converge. For average controllability, we selected
an endpoint at 7" = 1000 on the individual level and at T = 50 on the regional level. Additionally, we
examined the behavior of infinite time since this commonly used modelling choice allows an observation
of the complete impulse response. For control energies, we selected an endpoint at 7' = 10. Regarding
the impact of the normalization parameter, we started from the commonly used choice of ¢ = 1. We then
explored the parameter in an exponential manner in both directions. Finally, we adjusted the parameter
range of ¢ in a way that provides approximately equal insight into both control regimes which was the
case for ¢ = 107! to ¢ = 10%. When probing the impact of control set size, we capitalized on the complete
range of controlling a single brain region up to all 233 brain regions.



3 Supplementary Results

3.1 Optimal control energy

We observed high correlations between minimum and optimal energy values on both individual and re-
gional levels (SFig. 8). Thus, in the remainder of the main text we simply focused on minimum control
energy. For completeness, here we present the findings for optimal control energy. We began by probing
the consistency of optimal control energy across time horizons. We observed that optimal control energy
first rapidly decreased and then slightly increased with larger time horizons (SFig. 2A). In contrast to
the monotonically decreasing minimum control energy, the increasing amount of optimal control energy
might be required to additionally constrain the distance of traversed brain states over longer time hori-
zons. Similar to minimum control energy, we found a high consistency between the metrics across a
wide range of examined time horizons. Likewise, smaller time horizons demonstrated a different control
regime (SFig. 2B) in which optimal control energy was partly anti-correlated with the corresponding
metrics at larger time horizons (individual level: 7y, = 0.51, p = 0.13; regional level (r;, = —0.61,
p = 4x1072%). Subsequently, we investigated the impact of normalization on optimal control energy. On
both the individual and regional levels, we observed that with increasing ¢, minimum control energy and
optimal control energy increased (SFig. 3). Similar to minimum control energy, we observed two different
control regimes in optimal control energy depending on the normalization (individual level: 7,;, = 0.86,
p = 0.0013; regional level (rp, = 0.61, p =3 x 10~2?°) (SFig. 4).

Next, we compared optimal control energy based on full and partial control node sets. Similar to mini-
mum control energy, optimal control energy and the associated numerical error decreased exponentially
with increasing control set size (SFig. 5B). In optimal control energy, the control of at least 29.6 -
30.9% of brain regions yielded reasonably small numerical errors (Nyrs = 69, Nsoy = 71, Npor = 69,
Nygn = 72, Npiy = 71, Nppe = 72), which was a slightly higher number of control nodes compared
to minimum control energy. Control (SFig. 6A) and state trajectories (SFig. 6B) substantially differed
between minimum and optimal control in both the partial- and full-brain control scenario. However,
similar to minimum control energy, the amount of optimal control energy increased towards the end of
the control horizon. In line with minimum control energy, we observed that the distance between current
state and target state continuously decreased in full brain control, whereas in partial control the system
traversed more distant states before it reached the target state. We again observed a monotonic increase
of optimal control energy with increasing distance between initial state and target state (SFig. 6C).
The activation of densely connected cognitive systems again required less energy on average than the
activation of random states. In the partial control set, we also observed that a subset of the random
state transitions involving the activation of weakly connected brain regions required massive amounts of
control energy.

Finally, we examined the effect of different structural connectivity measures and their binarized versions
on optimal control energy. All of the effects were highly consistent with those reported for minimum
control energy (Fig. 5). We first observed that structural networks based on diffusion imaging (A) and
spatial adjacency (S) provided complementary information on individual and regional optimal control
energy values as indicated by their Pearson correlation (individual level: r» = 0.36, p = 0.30; regional
level: » = 0.50, p = 8 x 10716). Repeated measures ANOVAs revealed significant main effects of matrix
type and binarization at a Bonferroni-corrected level of o = 0.01; the main effects remained significant
when we held the edge-weight distribution constant. Examining the effects in more detail, we observed



that the binarization increased the individual optimal control energy but did not affect the variability of
regional optimal control energy (SFig. 7).

3.2 Relation of metrics

How easily a brain network can be steered to different states and the amount of energy required to achieve
a specific state transition could prove to be informative markers for pathology in or injury to the central
nervous system. The selection of the metric put to the test primarily depends on the specific research
question. To elucidate the empirical associations between controllability metrics and control energies in
brain networks, we measured the Pearson correlation between each pair of metrics, summarized separately
across brain regions (SFig. 8A) and individuals (SFig. 8B and SFig. 8C). In line with previous research
[2], average and modal controllability showed a positive, yet non-significant association on the individual
level (r = 0.5, p = 0.14), but a significant large negative association on the regional level (r = —0.87,
p =1x10""). The lack of significance of the former effect is potentially due to the small sample size of
10 participants. In the six state transitions we studied, we found a significant large positive correlation
between minimum and optimal control energy both on the individual level (r = 0.99, p = 1 x 1077)
and on the regional level (r = 0.97, p = 1 x 107136). Consistent with the mathematical constraints of
their definitions, minimum control energy was significantly lower than optimal control energy on both
the individual (meanm,, = 43.8, meany: = 56.0, V.= 0, p = 2 x 1073) and regional (mean,;, = 0.19,
meanyy,: = 024,V =2, p =6 x 107%9) levels. Finally, we investigated how controllability metrics and
control energies are related. On both levels of examination, average controllability demonstrated small
negative correlations with control energies (ranging from r» = —0.29, p = 6 x 1076 to r = —0.03, p = 0.93),
whereas modal controllability showed slightly larger, positive associations with control energies (ranging
from 7 = 0.23, p =3 x 107% to r = 0.45, p = 0.19). The size of the correlations estimated with empirical
data supported the scarcity of a clear theoretical link between the concepts. Yet, the directions of the
effects was consistent with the general notion that high average controllability implies low control energy,
whereas modal controllability is linked to higher control energies.

3.3 Complexity of energy landscape in discrete-time systems

In the main text, we report a high consistency of the complexity of the energy landscape across time-
systems (r = 0.87, p = 1 x 1073). Thus and for brevity, in the main text we report results for continuous-
time systems only. Here for completeness we wished to additionally validate the newly developed metric
in discrete-time systems. Similar to continuous-time systems, we observed a small negative association
of the complexity of the energy landscape with average controllability (r = —0.09, p = 0.80), a large
negative association with modal controllability (r = —0.74, p = 0.01), and a small negative association
with minimum control energy (r = —0.12, p = 0.74). The significantly lower complexity of the en-
ergy landscape of brain networks compared to topological (W = 430, p = 6 x 10~7), spatial (W = 1,
p =5 x 1078), and combined null models (W = 3062, p = 0.03) in discrete-time systems (SFig. 9) was
also in line with findings in continuous-time systems. Again, the combination of topological and spatial
characteristics seemed to partially explain the higher homogeneity of the energy landscape of the brain.
Finally, we also found a negative, yet not significant Pearson correlation with age (r = —0.56,p = 0.09)
in discrete-time systems. Taken together, the metric yielded highly consistent results across discrete- and
continuous-time systems.



4 Supplementary Discussion

4.1 Expanding horizons of network control theory.

New developments in network control theory are constantly expanding the horizons of research questions
that can be tackled with the associated tools. Many (but perhaps not all) of these developments could
be helpful in the study of the mind and brain. Efforts have recently revealed a relation between control-
lability and symmetry [13-15], which could prove useful in determining the impact of bilateral and other
symmetries on neural dynamics. The field has begun considering multiobjective functions, tradeoffs, and
constraints in control [16, 17], in addition to probing a system’s potential for control via local topological
information [18]. As the field of neuroscience moves more concertedly towards multimodal approaches,
efforts in the control of multilayer networks could prove particularly useful [19], as could methods for
detecting control nodes across scales [20-22]. For some questions, advances in the control of nonlinear
systems could prove effective [23-25], including applications of Ising models [26, 27] and considerations
related to the dynamics of neural mass models [28]. Finally, moving beyond network controllability, recent
work expanding system identification methods to identify specific form of nonlinear dynamics present in
brain is particularly promising [29-31].



5 Supplementary Figures
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Figure 1: Consistent control energies across binary and continuous state representations. (4) Minimum and (B)
optimal control energy for state transitions from activation of the default mode system to activation of six target cognitive
systems. Continuous initial and target states were generated by randomly adding uniformly distributed noise in the range of
0.001 to 0.01 to the binary states. Based on a whole brain control set including all 233 brain regions. Colored dots represent
(Top) individuals and (Bottom) brain regions. Blue line represents Pearson correlation between binary and continuous state
representations. We observed a high consistency of control energy between binary and continuously represented brain states
on both the individual (rmin = 0.99, pmin = 2 X 10716, Topt = 0.99, Dopt = 2 X 10_16) and regional level (rmin = 0.99,
Pmin = 2 X 10716; Topt = 0.99, popt = 2 X 10716), Abbreviations: VIS = visual, SOM = somatomotor, DOR = dorsal
attention, VEN = ventral attention, LIM = limbic, and FPC = frontoparietal control.
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Figure 2: Impact of time horizon on average controllability metrics and control energies. (4) Average controlla-
bility, minimum control energy, and optimal control energy depending on different choices of time horizon T'. (Top) Colored
lines represent individual values summarized across brain regions. (Bottom) Colored lines represent exemplary regional
metrics from 10 randomly selected brain regions. (B) Consistency of average controllability and minimum control energy
across time horizons. Heat maps depict correlation matrices of different time horizons. Each heat map entry corresponds to
the Pearson correlation of a metric estimated at one choice of the time horizon and the same metric estimated at a second
choice of the time horizon. (Top) Pearson correlation of individual metrics summarized across brain regions. (Bottom)
Pearson correlation of regional metrics averaged across participants.
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exemplary regional metrics from 10 randomly selected brain regions. Normalizing the system such that it stabilizes faster
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based on a varying number of controlled brain regions. (Top) Control energies and (Bottom) associated numerical error
during the calculation monotonically decreased with increasing control set sizes. All values are averaged across participants.
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visual, SOM = somatomotor, DOR = dorsal attention, VEN = ventral attention, LIM = limbic, and FPC = frontoparietal
control.
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Figure 6: Optimal control energy in full and partial control sets. Optimal control energy for state transitions from
activation of the default mode system to activation of six target cognitive systems (colored lines and triangles). (Top)
Based on a whole brain control set including all 233 brain regions. (Bottom) Control set consists of random subsets of 150
brain regions. (A) The optimal control energy across control trajectory differed between different control set sizes. (B)
The Euclidean distance between the current state and the target state across the control trajectory differed between control
set sizes.(C) The optimal control energy increases with larger Euclidean distance between the initial state and the target
state. Blue dots depict state transitions from a zero-activity brain state to a varying number of randomly activated brain
regions. All values are averaged across participants. Lines and ribbons represent the best fit to data and the 95% confidence
interval, respectively. Abbreviations: ¢ = initial state, zr = target state, x(t) = state at time ¢, VIS = visual, SOM =
somatomotor, DOR = dorsal attention, VEN = ventral attention, LIM = limbic, and FPC = frontoparietal control.
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controllability and weighted degree of a node in three exemplary brain networks. Across the 10 brain networks, Spearman’s
rank correlation coefficients (rg) ranged from rs = —0.94 to rs = —0.90 (p—values < 0.001). (B) Association between modal
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coefficients ranged from rs = —0.85 to rs = —0.80 (p — values < 0.001) on average. The association of modal controllability
and weighted degree was significantly larger in brain networks compared to the null models (p < 0.001).
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that the two metrics are unrelated mathematically.
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